The novel high-density mapping system Rhythmia TM Medical (Boston Scientific, Marlborough, USA) allows a fast and automatic acquisition of intracardiac electrograms (EGMs). For recording the ORION mini-basket catheter is used. Due to the small electrode surface, the spatial averaging is smaller than with other commonly used mapping catheters. This results in a higher quality of unipolar signals. However, these are still corrupted by noise such as high frequency interference. Within this project, methods were developed and benchmarked that can be applied to detect and remove these undesired components. An algorithm was implemented to detect and eliminate artificial peaks in the spectrum of the EGM. The filtered signals showed improved quality in time domain. The performance of the spectral peak detection resulted in a median sensitivity of 92.1% and in a median positive predictive value of 91.9%.
Introduction
Catheter ablation is a common treatment for atrial arrhythmias such as atrial flutter and atrial fibrillation. Prior to ablation, electro-anatomical mapping systems are applied for the identification of the arrhythmogenic sites. The novel high-density mapping system Rhythmia TM Medical (Boston Scientific, MA, USA) was installed in two centers. It allows an automatic and fast sequential recording of unipolar electrograms, using the ORION mini-basket catheter which consists of 64 electrodes. Due to the small spatial averaging which results from the small electrode surfaces, the quality of unipolar EGMs increases. This leads to a low noise level which is smaller than 0.01 mV [1] . However, unipolar signals still are disturbed by high frequency interference and far-fields. Thus, the preprocessing of the EGMs is a necessary aspect for further processing of the data. An export of the raw data which were recorded during mapping was enabled. Goal of this research is the preprocessing and evaluation of unipolar EMGs by the implementation of different filtering techniques. These have the requirement to automatically detect and eliminate artificial components in the spectrum of the EGM which may be different from lab to lab. The implementation of a simple low-pass filter is not sufficient since these artifacts also can be located in the lower frequency domain where the wanted signal is expected.
Methods

Clinical data
The evaluated and processed data in this research were derived from the Rhythmia TM Mapping System. Unipolar
EGMs were acquired by use of the ORION mini-basket catheter. It consists of eight splines in which eight electrodes are arranged in an equal distance of 2.5 mm. The surface area of a single electrode is 0.4 mm 2 . The catheter can be deployed to a sphere with a maximal diameter of 22 mm. The localization occurs by a magnetic sensor and impedance sensing of the electrodes [2] . Five clinical data sets were recorded at Städtisches Klinikum in Karlsruhe and another five at German Heart Center in Munich. In total 28 maps were recorded in these ten data sets. Unipolar EGMs were recorded with a sample rate of 953.674 Hz.
Transformation to the frequency domain
The transformation of the EGMs to the frequency domain was the first necessary step. Therefore, the power spectral density (PSD) was calculated using Welch's method [3] . The time signal was divided into overlapping segments with a window of 10 s and an overlap of 50%. For each segment the periodogram, an estimation of the PSD, was calculated. Then, each periodogram was windowed by the use of a Hamming window. Afterwards the averaged PSD of all segments was computed.
Detection of artificial peaks
In Figure 1 a unipolar signal recorded by the ORION minibasket catheter (A) and the corresponding PSD (B) are illustrated. An overlay of noise is visible in the EGM. The PSD shows artificial discrete peaks at frequencies above 50 Hz. The signal of intracardiac EGMs is lying in the frequency domain up to 150 Hz. For this reason, all peaks above 70 Hz were not caused by physiological processes and can be considered as noise. An automatic peak detection algorithm was developed for identification of these peaks. To this end, the PSD was scanned using a sliding window, with a window width of 2 Hz and a shift of 1 Hz. For each step, the median and the maximum was calculated. A peak was detected if the maximum exceeded a threshold T, which was defined as the product of a variable coefficient c, the p-quantile Q p of the relative heights in the PSD and the median within the window:
Furthermore, the peak had to be located in the frequency domain above 70 Hz, to ensure that it was not caused by physiological processes. The relative height was defined as relative height = maximum(window) median(window) (2) and was computed within a window width of 2 Hz for every second integer frequency in a range of 70 -400 Hz. This resulted in N = 400−70 2 = 165 considered values. During manual annotation a maximum number of peaks N peaks = 20 was observed. The relative heights of those peaks differ from the remaining relative heights. On that account Q p was calculated for the threshold T with
An extended algorithm, the fundamental frequency (f 0 ) calculation, was developed which additionally considered if these detected peaks were harmonics of f 0 . It was an iterative calculation with the basic idea that a candidate of f 0 was the difference between two detected peaks.
Filtering
For peak suppression a Gaussian Notch filter with a band width of 1 Hz was used. The applied Gaussian Notch filter also filtered the harmonic frequencies of the notch frequency. This was the purpose of the f 0 calculation. By clinical default, unipolar signals are examined in a frequency domain from 1 Hz -300 Hz. Therefore, unipolar signals were filtered with a third order Butterworth highpass filter with a cut-off frequency of 1 Hz and a third order Butterworth low-pass filter with a cut-off frequency of 300 Hz.
Evaluation of signal quality
To evaluate the quality of the signals the SNR defined as SNR = 10 · log 10
was examined. Only the quality of the measured activity of the endocardium was considered. Therefore, the SNR was calculated in time segments without ventricular far fields (VFF). These were identified by applying a QRS detection algorithm, developed by Lenis [4] , to a simultaneously recorded reference ECG signal. P signal was defined as the power of the signal after filtering and P noise as the power of the difference between the signal before filtering and after filtering.
Performance evaluation 2.6.1 Performance evaluation of peak detection
Statistical measures were computed for the evaluation of the peak detection performance. Therefore, the PSDs of the 28 considered maps were manually annotated. The peak detection algorithm was applied to the PSDs and respectively the sensitivity (Se) and the positive predictive value (PPV) were computed.
Performance evaluation of filtering
For the evaluation of the filtering the power P of a peak before and after filtering was assessed. Therefore, the area under the peak in a window of 2 Hz was calculated before and after filtering. The relative peak power defined as relative peak power = P before − P a er P before (5) quoted the quality of the filtering. In ideal case the power of the peak after filtering is zero. According to the definition, an ideal filtering resulted in a relative peak power of one.
Results
Performance evaluation
The manual annotation yielded artificial peaks at multiples of 40 Hz and 50 Hz. Additionally, single peaks occurred which differed between data recorded in different labs. The peak detection algorithm was optimized by applying the algorithm for various values of the coefficient c to all PSDs. For each value of c the averaged Se and the PPV was computed. The optimization resulted in a median PPV of 91.9% and a median sensitivity of 92.1%. The extended f 0 calculation achieved a median Se and PPV of 100%. The filtering resulted a median relative peak power of 0.992 by the use of the peak detection algorithm and a median relative peak power of 0.991 using the f 0 calculation. The evaluation of the quality of the EGM which is illustrated in Figure 3 resulted in an SNR of 1.3 dB.
Filtering
Resulting PSDs of an exemplary EMG are illustrated in Figure 2 . At the top (A), a cutout of the PSD of the unfiltered signal is shown. Since most peaks appear at multiples of The PSD before filtering (A), after filtering using the peak detection algorithm (B) and after filtering using the f0 calculation (C).
40 Hz and 50 Hz, the assumption was made that these were harmonics of f 0 of 40 Hz and 50 Hz. The middle plot (B) illustrates the PSD after filtering by the automatic peak detection. It is visible that all peaks above 70 Hz were detected and filtered. At the bottom (C), the PSD after filtering using the f 0 calculation is illustrated. As can be seen, 40 Hz and 50 Hz, as well as the harmonic frequencies, were filtered. In Figure 3 the corresponding EGMs are plotted. At the top (A) the reference ECG is shown. The VFFs are clearly visible in the corresponding EGM.
Discussion
The preprocessing of the unipolar signals showed good results. The peak detection resulted in a median sensitivity of 92.1% and a PPV of 91.9% and the f 0 calculation resulted in a median Se and PPV of 100%. The performance of the filtering was measured considering the relative peak power with an ideal value of one. The results were very good with a median of 0.992 using the peak detection and a median of 0.991 using the f 0 calculation. The results in time domain looked quite well using both filtering techniques. Removal of the 40 Hz component does not seem reasonable due to the introduced artifact.
Outlook
In this research, the preprocessing techniques only were applied to ten data sets which were recorded in 4600 4800 5000 5200 5400 5600 5800 6000 6200 6400 6600
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Samples 4600 4800 5000 5200 5400 5600 5800 6000 6200 6400 6600 Munich and Karlsruhe. The methods should be applied to more data, preferable derived from other clinics.
Additionally, the quality of the signal should be enhanced by preprocessing in the time domain. Artifacts such as VFFs or stimulation artifacts should be suppressed, since they strongly disturb the unipolar EGMs. Furthermore, the filtered data should be further processed. The preprocessed data can be analyzed with novel algorithms (5). Local activation time maps (LAT maps) can be generated by the processing of the filtered raw data. An exemplary LAT map which was generated by the processing of the raw data is illustrated in Figure 4 .
